The behaviour of cells is coordinated by a large array of di erent types of intracellular protein kinases, protein phosphatases and second messenger molecules. Current experimental evidence suggests that these kinases, phosphatases and other messengers form a vast complicated interconnected signalling network inside the cell. A generic model of this signalling network is presented which is speci cally designed to examine the global properties that can be expected from a model based on the available knowledge of these molecular interactions. Di erent protein types are represented as nodes in a network that interact via a connection matrix. During interactions, idealised kinases and phosphatases activate and deactivate other protein types by altering the level of phosphorylation of their regulatory sites. The occupancy of regulatory sites on protein kinases and phosphatases in turn determines their activity. Monte Carlo simulations are carried out on ensembles of networks. Steady states and periodic behaviour are observed in these networks. We discuss the potential of this type of model for understanding cell behaviour.
Introduction
Cells show a variety of di erent behaviours including movement, cell division cycles, apop- Whilst not all of these kinases and second messengers will be present in every di erent cell type, conservative estimates suggest that at least 100 protein kinases will occur in any one given cell type 15] . It seems likely that between 100{1,000 di erent signalling protein units will be found in any given mammalian cell type. The various signalling proteins are often envisaged as units in series, with each protein acting as a relay station in a speci c cascade of message ampli cation 1] . It has been assumed that a complete knowledge of all the molecular details of interactions are a prerequisite to constructing any model of how all these di erent "cascades" interact 2] .
However, the relative lack of e ect in many "gene knockout" experiments of signalling proteins suggests the system has multiple alternative pathways 18] . In any case, constructing such a highly detailed model would be daunting and may also provide no additional insight into how such a complex system works 11] . It may be many years before this information is complete so we suggest that another approach could be considered. Kaufmann has already argued that for any biochemical network to evolve it must be relatively insensitive to slight di erences in enzymatic details 16] . It may be possible to design a model of intracellular signalling before all the precise details of molecular interactions are known.
Bray has proposed that the intracellular signalling system be viewed as a multi-layer perceptron neural network designed for feature recognition but this fails to model the The set of interactions for each protein of each cell type are randomly selected using the probabilities p k and p h . Some proteins in the networks may have no regulatory input and others may be self-regulating ( Figure 1 ). In any given network every kinase has the same p k value (similarly for phosphatases).
In a single binding site model, the activity of the catalytic unit and level of phosphorylation (phosphate occupancy) of the regulatory unit of any individual protein type i (at a speci ed instant in time t) are denoted by a i (t) and o i (t) respectively, (1 i N ).
The activity and occupancy of each protein type are currently represented by integer values in the range 0; 10000]. The occupancy of any protein type is the average number of molecules in the cell of that type with phosphorylated regulatory units (e.g. if o i (t) = 9; 000, then 90% of the molecules of type i are phosphorylated). The level of activation of each node represents the instantaneous, average activity level of all (no more than 10,000) molecules of a particular type of kinase or phosphatase.
The network develops over time in a series of discrete time steps using a synchronous update rule. All allowed phosphorylation and dephosphorylation reactions occur between consecutive time steps. At each t, the change in occupancy of each node is dependent on its current occupancy, which other nodes interact with it, and their level of activity. If a node is currently highly occupied, it will be harder for interacting nodes to increase this level than if the level of phosphorylation was very low. The update rule is described in more detail below. to bind by kinases and phosphatases are independent so that the number of attempts to bind to any node j , b j (t), is calculated from the weighted sum of inputs into that node (Eqn.(i)).
Since b j (t) and o j (t) are known, o j (t + 1) can be calculated by using the approximation below (Eqn.(ii),(iii)), n f represents the number of sites currently occupied, 3 Results
In the simulations we used xed values for N (= 100) and f k = f h (= 0:5) and varied p k = p h in the range 0:01; 0:10] (incrementing by 0.01). For each set of parameters, the behaviour of 100 randomly selected cell types are investigated from 100 random initial conditions. A striking feature of these networks is that they settle down to states where many nodes do not change at all or change by less than 10%. This is seen at all values of the more densely connected stable networks (where p h = p k = 0.10) can increase dramatically from T s < 100 to T s > 1; 000, although instances at higher connectivity have been found with T s < 100. Steady states still appear at these higher connectivities but usually take longer to settle down with initial rapid uctuations in activities. This kind of behaviour seems reasonable since increasing the probability of interaction between kinases and phosphatases is likely to increase the complexity of interactions within the matrix and hence increases the variety and complexity of the network evolution. The example shown in Figure 2G with p h = p k = 0.10 shows an example where the network settles into oscillations with a period of 1,000 time steps after an initial settle time of T s 15,000. In order to identify non-stable networks, the uctuation w in the maximum and minimum activity of each protein in the network is measured after a suitable 'run-in' time and over a speci ed number of time steps called a 'window'. Any network with at least one protein satisfying w > 60% is said to be 'non-stable'. The non-stable cases shown in A cut-o of w = 60% was chosen from a frequency plot of the range of uctuations for simulated networks. This distribution is clearly bimodal with more than 90% of all nodes uctuating less than 10%, and the remainder (especially at higher connectivities) uctuating through 90%. The minimum in this distribution occurs at around w = 60%. We suggest that the nite number and character of di erent attractors in a given network could be an indication of the range of allowable distinct modes of cellular behaviours that one cell type can display. This may be re ected in the pattern of ATP usage. It is di cult to test these ideas since there is really no precise way of de ning a cell's behaviour. In fact, as a converse, a particular attractor of the intracellular signalling system may be a new way of de ning a behavioural state of a cell.
Figure Captions corresponding plots (B,D,F) illustrate, for the same network in each case, the number of proteins that were found to uctuate and their corresponding uctuation range (using a window, w=50 time steps (t.s.) and a run-in of t=200 t.s.; see text for description of method).
In the p h = p k = 0.01 network (A,B), only 2 oscillating proteins were found, one kinase and one phosphatase. The period (T) of the oscillation is 15 t.s. and the network has a settle time T s < 50 t.s. In (C,D) there are 9 kinases and 7 phosphatases oscillating with T = 140 t.s. and T s 100 t.s. For the p h = p k = 0.10 network the plots (E,F) indicate that over the rst 600 t.s., more than 20% of the proteins are found to be uctuating by more than 60% (12 kinases and 12 phosphatases), this is because the network is still in a transitory period. The network nally settles after about 15,000 t.s. into an oscillation of length T = 1,000 (G) at which time 4 proteins are found to be oscillating -3 kinases and a single phosphatase. (A) The percentage of non-stable networks (those networks with at least one protein with w > 60%) is plotted as a function of the probability of interconnection. The mean number of non-steady states is calculated from 100 di erent networks started from 100 di erent random states for each probability of interconnection. The number of non-stable cases increases as the probability of interconnection increases. This is reasonable since the interactions within the matrix will be more complex.
(B) The average percentage of uctuating proteins (proteins with w > 60%) found in nonstable networks is plotted against the probability of interconnection. The number of uctuating proteins found also increases as p h = p k increases. 
